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SUMMARY 


The  purpose  of  this  research  program  is  the  development  of  high 
brightness  field  emission  sources  of  both  ions  and  electrons  suitable 
for  use  in  information  storage  systems.  In  particular,  field  electron 
sources  of  various  types  of  materials  and  modes  of  operation  along  with 
gas  phase  and  liquid  film  field  ionization  sources  are  being  examined. 

Fabrication  procedures  for  producing  single  crystal  emitters  of 
lantlianum,  cerium  and  samarium  hexaboride  have  been  developed.  Field 
electron  emission  characteristics  such  as  energy  distribution,  noise, 
emitter  life,  and  I(V)  characteristics  are  being  examined.  Improved 
methods  of  fabricating  existing  thermal-field  electron  sources  such 
as  the  zirconium  coated  tungsten  source  are  also  being  developed. 

A new  type  of  electron  emission  source  employing  liquid  gallium 
form’d  into  a cone  sliaped  structure  by  an  applied  electric  fieUI  appears 

capable  of  very  intense  electron  emission.  Thus  far  only  a inilsed  mode 
of  emission  has  been  observed  with  extraordinary  high  peak  currents  of  50 
to  100  A in  10  nsec  pulses. 

Source  configuration  development  and  emission  characteristic  studies 
have  been  carried  out  for  gas  phase  field  ionizat ion  us  i ng  hydrogen . A 
sourci'  brightness  of  ^ 10'^  A sr“'  cm~^  has  been  measuri’d  for  at  an 

I’initter  temperature  of  77  K and  hydrogen  pressure  of  1 x 1 0~  torr. 

A liquid  metal  field  eva|iora  t ii'ii  source  employing  liquid  gallium  in 
a source  conf igur.it  ion  similar  to  that  used  in  the  electron  emission 
studii’s  exhibiteil  .a  very  large  (ca.  lO  to  1 00  pA)  and  stable  ion  current 
of  r.a^.  Tills  source  looks  verv  promising  as  a high  brightiu'ss  smirce  of 
(la  ions  .and  will  be  i nvest  igat  I’d  in  gre.ater  det.ail. 
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SECTION  1 


period  on  a research  program  aimed  at  the  development  of  high  bright- 
ness charged  particle  sources  suitable  for  use  in  information  storage 
systems.  In  particular  the  charged  particle  source  and  focussing 
system  envisioned  for  this  application  must  be  capable  of  providing  a 
particle  beam  with  sufficient  flux  density  and  smallness  of  size  to 
address  and/or  read  information  at  less  than  0.1  pm  resolution  and  at 
a rate  of  ^ 10'  bits/sec.  Because  such  requirements  place  a severe 
limit  on  the  brightness  requirements  of  the  particle  source,  very  few 
sources  remain  in  contention  as  a viable  option  for  such  a memory  system. 

The  primary  aim  of  this  research  program  is  to  evaluate  high 
brightness  field  emission  sources  with  respect  to  their  potential  for 
satisfying  the  above  mentioned  requirements  for  a particle  source.  In 
view  of  the  fact  that  present  high  density  archival  memory  schemes  in- 
clude both  ion  and  electron  beams  this  research  will  be  examining  field 
ionization  (FI)  as  well  as  field  electron  (FE)  sources.  It  is  now 
established  that  FE  and  FI  are  the  brightest  sources  presently  avail- 
able for  electrons  and  ions  respectively.  Although  considerable  under- 
standing and  knowledge  concerning  the  basic  processes  of  FI  and  FE  h.ive 

been  developed  since  their  theoretical  formulation  some  50  years  ago 
1 2 

by  Oppenheimer  and  Fowler  and  Nordheim,  and  their  experimental  embodi- 
ment pioneered  by  E.  W.  Mfiller,*  many  quc'st  ions  concerning  their  ultimate 
suitability  as  stable  and  long  lived  emitters  n^main. 

Spec- if  ic.i  1 1 y this  rc'se;irch  is  divideil  into  the  two  lol  lowing  m.ijc'r 
tasks: 


1 


(1)  Field  Electron  Source  Development 


and 

(2)  Field  Ionization  Source  Development 
In  eacli  task  new  source  materials  and  modes  of  operation  will  be  developed 
coupled  witli  detailed  evaluation  of  emission  characteristic  properties. 

In  addition,  some  effort  will  be  devoted  to  the  further  development  of 
existing  FE  sources.  The  method  of  approach  and  specific  measurements 
to  be  carried  out  will  be  given  in  greater  detail  in  following  sections 
of  this  and  subsequent  reports. 


I 


SECTION  II 

A CONSIDERATION  OF  FIELD  EMISSION  SOURCE  OPTICS 

The  attractive  feature  exhibited  by  field  emission  sources  in 

regards  to  their  potential  use  in  microbeam  applications  is  their  higii 

brightness.  An  electron  or  ion  beam  brightness  B at  a given  point  in 

a given  direction  is  defined  as  the  current  dl  per  unit  area  dA  normal 

to  the  given  direction,  per  unit  solid  angle  diJ,  that  is 
dl 

® ■ d'^ldA 

It  can  be  shown  that  a charged  particle  beam  whose  electric  potential 
varies  from  Vj  to  V2  cannot  Increase  the  ratio  of  Bj/Vj  that  is 
Bi  B2 

— = — (2) 

Vi  V?  ^ ^ 

which  is  the  fundamental  expression  of  the  conservation  of  brightness. 

Thus,  for  a given  Q.2  the  maximum  rate  at  which  information  carried  by 

a charged  particle  beam  can  be  transmitted  into  a unit  area  of  target 

at  potential  Vy  is  determined  by  the  brightness  Bj  at  the  source. 

4 

Langmuir  showed  that  for  a charged  particle  source  exhibiting  a 
semi-Maxwel 1 ian  distribution  of  initial  velocities  the  current  density 
at  the  image  plane  or  at  the  beam  crossover  point  is  given  by 


,.J 

J = — [1  - (1-x)  exp  - [eV2X/kT(l-x)]] 


(x  = M^sin^O  and  0 MsinO  ■ 1) 


where  M is  tlie  overall  magnl  f icat  ion  of  the  system,  .1  , the  current 

o 

density  at  the  source  and  0,  the  semi  angle  of  convergence  in  tlie  image 


plane  or  at  the  beam  crossover.  The  following  two  limiting  IDrms  I'f 


Ec|.('3)  can  be  obtained: 


= ''o  I'  ^ 


2 

sin  u,  X sin.i  1 1 


X large 


Physically  the  Langmuir  equation  gives  the  limit  on  the  initial  trans- 
verse energy  E a particle  can  have  at  the  source  and  still  be  trans- 
xy 

mitted  through  a lens  and  arrive  at  a point  on  the  image  plane  through 
a beam  semi-convergent  angle  0.  It  can  be  easily  shown  that  thi;. 
condition  is  given  by 


Since  eV2/l<.T  > 1,  Eq.  (4)  can  be  written  in  terms  of  the  brightness 
at  the  image: 

J eV  2 

B2  - ~ ^ small  (f’) 

n kT 

An  important  question  arices  regarding  the  applicability  of  Eq.(3) 
for  KE  and  El  sources  since,  tb'  initial  velocity  il  i si r i but  ions  are 
not  si’in  i -Maxwe  1 1 ian . Worster  has  shown  that  in  general  the  axial 
brightness  in  a cy  1 ind  r ii-a  1 I y symmetric  system  is  given  liy 


,,  = i ’ a c 


where  E and  E are  the  average  initial  transverse  and  normal  energies 
t n 

of  the  emitting  particles.  Since  eV  • the  last  tciin  ol  I i| . ( / ) is 

negligible,  giving 


o 


Worster  goes  on  to  show  Llint  tlie  direct  ionnl  beam  intensity  at  a given 
point  off  tlie  optical  axis  is  given  by 


J eVo 

Bp  = (-11^ /i:^) 

nE 


(9) 


where  E^  is  the  initial  transverse  energy  of  tlu‘  emitted  jjartic  le.  For 
E^  = 0 Eq.(9)  becomes  tlie  expression  for  the  axial  brightness  givini  in 
Eq.  (8). 

For  Schottky  and  FE  emission  the  values  of  E^  are^ 

Ej_  = kT  (Schottky)  (10) 

E^  = d (FE)  (11) 

where 

d = 9.75  X 10"'’  (eV)  (12) 

4-1/2 

and  where  F and  (Ji  are  the  applied  field  strength  (in  V/im)  and  the 
surface  work  function  (in  eV)  respectively.  For  the  usual  current 
densities  attainable  d = 0.1  to  0.3  cV.  In  the  paraxial  ri-gion  at 
the  cross-over  of  a FE  electron  g.un,  Worster^  shows  that  Eq.(9)  hi>comes 
J 

B;,  = exp  (-  r^/yra-’)  (I  3) 

n E 

t 

where  r,  a and  M are  respectively  the  radial  d isplacenunU  at  t lu-  cross 
over,  the  emitter  r.uiius  and  the  gun  m.ign  i I i lal  i i-n . 

The  hangmuir  equations  as  expri-ssed  in  tin-  term  ol  l.(|s.tl)  to  (ti) 
lead  to  several  imiiortant  observ.it  ions . First,  the  maximum  hrig.htness 
and  current  density  at  the  image  plane  is  ilin-ctlv  proporiion.il  (o  the 


source  current  densitv.  Si'condlv,  for  a sin-cil  ii-d  viliie  i-l  eV  , there 


exists  a value  of  M Slu  t)  abcwe  wliieh  = 1.  This  means  that  all 

particles  emitted  from  the  source,  regardless  of  their  initial  emission 

angle,  reach  the  image.  Fig.  1 gives  plots  of  Eq.(3)  for  three  values 

of  eVp/E  . For  example,  if  eVp/F.  = 10'  then  = 1 for 

M^sinB^  ’ 5 X 10~^.  Fig.  2 shows  the  values  of  M and  0 for  a specified 

value  of  M“sln^6  and  the  values  of  the  latter  above  which  .IM^/.l  = 1 

o 

for  various  values  of  eVo/E^.  For  e.xample,  if  the  value  of  eVj/E^  = 10'^ 

and  M = 10,  then,  according  to  Fig.  2,  = 1 for  0 7 x 10”'^  rad. 

On  the  other  hand,  if  M = 0.01  then  0 ^ 0.7  rad  in  order  that  JM’/J  = 1. 

o 

For  a high  brightness  source  with  a small  virtual  size  as  is  tlie 
case  for  FE  and  FI  particle  sources,  a microprobe  gun  will  operate  near 
M = 1;  thus,  since  0 generally  exceeds  7 x 10~‘*  rad  Eq.(5)  appropriately 
gives  the  current  density  relationship  between  the  source  and  image.  In 
contrast  a microprobe  gun  employing  a Schottky  source  with  its  lower 
intrinsic  brightness  and  accordingly  larger  virtual  source  size  will 
operate  at  or  below  M = 0.01;  thus  for  the  usual  range  of  0 0.1  rad, 

the  limiting  form  of  the  Langmuir  Eq.(4)  will  give  the  current  density 
relationship  between  source  and  image. 

It  should  be  emphasized  that  the  above  discussion  gives  the  maxi- 
mum current  density  at  the  image  plane  based  on  ideal  (aberrationless) 
lenses.  A real  gun  will,  of  course,  be  limited  by  the  degree  to  which 
the  probe  forming  optics  system  approaches  the  ideal  case.  A detailed 
discussion  of  the  optimum  probe  forming  o|itics  and  a c-omparison  of 
Schottky  and  FE  sources  is  given  by  Veneklasen. 

In  tlie  case  of  FE  and  FI  sources  the  virtual  sourci'  size  is  verv 

q 

small.  Wiesni'r  has  determiiu'd  the  virtual  source  size  tor  an  I’mitter 
shape  approximated  by  the  sphere-on-or  t hog.ona  I -cone  (SOL)  moih'l  devi'lopi'd 


b 


by  Uyko  and  cowarkers.  Fig.  '3  shows  a diagram  and  relevant  parameters 
of  the  SOC  model.  based  on  this  mode  1,  equ ipotent ia 1 surfaces  V(o,U) 
depicting  a particular  emitter  shape  are  generated  by 

1>  (i-osO  ) - V (14) 

n o oo 

where  V is  the  iiotential  of  the  emitter  surface  relative  to  the  S0(\ 
oo 

is  the  potential  on  an  anode  a distance  R from  center  of  the  s|)here 

and  P^^(cosO)  is  the  Legendre  function  of  index  n.  Tlie  value  of  n,  whii'li 

varies  from  0.1  to  0.5  for  typical  emitter  shapes  establislies  tlie 

exterior  cone  angle  0 and  is  determined  bv  the  cimdition  that  I’  (cosO  ) = 0. 

no 

Fig.  4 gives  the  relationship  between  n and  d ^ for  the  latter  condition. 

The  value  of  V is  given  by 
oo 


wliere  > = p /r  . The  degree  of  "necking"  of  tlie  emitter  (see  Fig.  1) 
oo  o 

is  determined  by  i - larger  values  of  > cause  li'ss  necking  ol  t lu’ 
emitter  sha|ie.  Typically,  the  range  of  n and  ) ari'  0.1  to  0.4  aiul 
2.0  to  3.0  respectively.  Based  on  Wiesner's  results.  Figs.  5-7  give 
the  respective  source  sizes  for  typically  shaped  FF.  and  FI  sourci-s  ol 
varying  radii  and  aiierture  half  angle.  The  smaller  size  of  the  FI  source 
is  due  primarily  to  a negligible  F.^  at  the  low  operating  ti'mpi'raturi' 
of  the  source  and  the  smaller  diffraction  limit  of  a prot(Mi  beam.  Be- 
cause of  their  small  virtual  source  size,  probe  forming  )’,uns  using,  field 
emission  sources  need  not  be  highly  ih'magn  i f y ing  thus  only  oni'  or,  at  most, 
two  lenses  are  required.  ComiMred  with  conventional  sourci's  the  tii’hl 
emission  sourci-  requiri's  a relatively  simple  optics  systi-m. 
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VIRTUAL  SOURCE  RADIUS  (A) 


Ef  = 00066eV 
a = 6.2“ 
y=2.6 

F = 2x10®  V/cm 
R = Imm 


EMITTER  RADIUS  (^M)  ANODE  VOLTAGE  (kV) 


(a) 

0.050 

I0.9 

(b) 

O.lOO 

I9.3 

(c) 

0.300 

48. 1 

(d) 

0.500 

73.5 

BEAM  HALF  ANGLE  (m  rad) 


Figiirt'  S . Virtii.il  sdiirti-  sizo  hall  anglo  lar  .i  FI  .souric  iif  H 

ion.s  using  SOL  mudol  ami  aborration  turnis  mimput  ml  bv  K'Iusiut 
Suiirou  tomin’raluri’  assunu'ii  ti>  bo  77  K. 


Virtiiiil  Kourt'i'  sizi'  vs  bvam  h.ill  .ini'.Ii'  lor  I'l'  souioo  at 
K = J X 10  V/ori  usiiij;  SlH'  nuulol  ami  aborral  ion  1 orris 
oonpulor  bv  U'i  osiior  . 
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I’iKiiro  b. 
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F = 5x  10  V/cm 
R = Imm 


EMITTER  RADIUS  (/xM)  ANODE  VOLTAGE  (kV) 


(a) 

0.050 

2.72 

(b) 

0.100 

4.83 

(c) 

0.300 

12.0 

(d) 

0.500 

18.4 

(e) 

1.00 

32.7 

O 
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ui 

o 

3 120 

o 

V) 


< 100 

3 

h— 

> 80 


''  (c) 


4 6 8 10  12  14 

BEAM  HALF  ANGLE  (m  rad) 


I’igiiri'  7.  VirHial  sdiircc  s i zt'  vs  biMri  li.ilt  lor  ['I.  som  oo  .i( 

F = 'i  X 10'^  V/i-m  using  SdF  rkhIi'I  and  aliorrat  ion  toians 
I'onipntod  liy  WiosiuT.'^ 
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For  small  angles  6 the  current  that  diverges  into  a solid  angle 
from  a virtual  source  Is  given  by 


or 


s 


(16) 

(17) 


The  range  of  values  of  dl/d  for  an  operational  FE  source  extend 
from  1 X 10“^  A/Sr  for  room  temperature  operation  to  1 x 10”^  A/Sr  for 

O 

thermal  field  TF  operation.  If  a value  of  30  A is  assumed  for  p 

s 

the  source  brightness  can  bo  determined  to  be  in  the  range  10^  to  10‘^ 

A/Sr  cm^ . In  the  case  of  a gas  supplied  FI  source  a maximum  angular 
intensity  of  1 x 10“^  A/Sr  can  be  obtained.  Based  on  Fig.  5 values 
of  a maximum  source  FI  brightness  of  10"^  to  10^  A/Sr  cm^  can  be 
expected . 

Table  I summarizes  the  emission  characteristics  for  several  particK' 

sources.  The  FE  and  FI  sources  are  clearly  superior  when  high  brightiu'ss 

is  recpiired.  However,  because  of  the  relatively  small  values  of  biU  h 

dl/d  and  p field  emission  sources  are  only  suitable  when  small 
s 

focussed  beam  spot  sizes  are  required.  Oenerally,  the  field  imiission 
sources  are  superior  to  all  other  sources  of  ions  or  i-lectrons  when  the 

O 

focussed  spot  size  is  less  than  ^ 3000  A.  In  addition,  bi’cause  1 i i' 1 d 
emission  sources  exhibit  a smaller  energy  spre:id  than  conventional  ones, 
the  spot  size  limit  due  to  chromatic  aberration  is  great  I v reduced. 

It  is  interesting  to  note  from  the  results  shown  in  Fig.s.  and  7 
that  the  smallest  FE  virtual  souri-e  sizi'  for  the  SOC.  modi  l occurs  for 
I'mitter  radii  hetweiui  0.1  and  .3  am.  This  is  in  contrast  ti'  a splierical 
emitter  where  the  source-  size  is  direct  Iv  prc'por  t i ona  I to  emitter  radius. 


TABLi:  I 


TYIHCAL  CHAIUCTEKISTICS  OF  VARIOl'S  ELECTRON  SOURCES 


Source 

Angu 1 ar 

Br ightness 
(A/Sr) 

Approximate 
Source  Size 
(pm) 

Brightness 
(A/cm^  Sr) 

Energy 

Spread 

(eV) 

FE 

3 X 10-^ 

.003 

1 X 10*^ 

^ 2 

Thermal  FE 

3 X 10"^ 

.003 

o 

o 

.8 

LaBg  Schottky  Cathode 

' 10"' 

1 

^ 10^ 

) 

FI 

1 X 10"^ 

.001 

1 X lo'^ 

2-5 

Duoplasmatron 

- 

1000 

10" 

10 

The  larger  source  size  at  small  emitter  radii  for  the  SOC  model  is  due 
to  an  increase  in  diffraction  and  chromatic  aberration  contribution 
for  lower  voltage  emitters. 

By  differentiating  Eq.(15)  the  field  strength  F at  the  emitter  apex 
can  be  determined  to  be 

n- 1 

,,  F ""o  r . /i  , \ ~2-n1 

" V " ""  ■*' 

R R ^ 

The  above  expression  was  used  to  calculate  tlie  anode  voltages  ti'  give 
the  indicated  field  strengths  listed  in  Figs.  5-7.  For  values  of 
R = 0.1  to  I cm  an  approximate  value  of  B is  given  by 

B = ().6/p-«7  rO-'-^  (cm-')  (IM) 

00 

wliere  .1  = n - is  the  cone  half  angle  of  tlu'  emitter.  Figs.  8 and  9 
show  plots  of  Eq.  17)  for  typical  emitter  shapes.  i'he  field  faitor  ,■ 
iniTi’ases  with  diw  reas  i np,  o ^ , K or  i.  Emitti'r  radii  lietween  .05  and 
1.0  pm  caTi  be  ohtainetl  hv  st.imlard  tabricat  ion  procedures. 


lb 
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R (cm) 


Fij;iiri>  9.  Fii'ld  faitor  F vs  cmi  t t or-l  ('-.ninl','  siiarin;’  ti'r  a SiH!  miuli'l. 


SECTION  III 


EMITTER  MV1T;R1AI,S  KABRICATION 

The  physic.il  properties  desirable  for  an  emitter  material  are 

1)  high  tensile  strength  to  withstand  electrostatic  stresses,  2)  liigh 
resistance  to  sputtering  and  contamination  and  i)  liigli  melting  point 
to  permit  tliemial  cleaning.  Possible  materials  possessing  these 
properties  can  be  divided  into  three  categories:  1)  pure  metals, 

2)  heterogeneous  cathodes  consisting  of  a surtai'i'  laver  on  a sii  1 id  sub- 
strate, and  i)  homogeneous  metalloid  compounds  and  alloys. 

Of  the  pure  metal  materials  investigated  in  the  past  which  satisfy 

the  above  requirements,  tungsten  operated  at  room  temperature  or  in 

the  t hernia  1 -f  ie 1 d (TF)  mode  has  proved  to  be  the  most  suitable  material. 

TF  mode  operation  has  worked  successfully  with  (100)  oriented  tungsten 

emitters  by  alIov,iing  electrostatic  induced  geometric  changi-  to  reshapi' 

the  emitter  to  a particular  end  form  that  is  stable  at  elevated  tempi'ra- 
11  1 ■’ 

tures.  ’ “ The  mobility  of  the  surface  atoms  at  high  temperature 
causes  cathode  sputtering  damage  to  instantly  heal  thereby  maintaining 
a smooth  and  clean  surface  that  exhibits  stable  emission. 

The  zirconium  coated  tungsten  cathode,  also  operated  in  the  TF 
mode,  is  an  example  of  a heterogeneous  cathode  that  has  proved  to  he  a 
practical  emitter.^'  Resupplv  of  the  F.r  sputtered  I rom  t Ih‘  i-mitter 

apex  oi'curs  by  surface  diffusion  f rom  t he  cm  i t t er  shank. 

A.  I'ungsten  Emitter  Fabrication 

Two  procedures  le.uling  to  slig.htiv  altereil  emitter  shapes  have 
bi'i'ii  developed  in  the  past  to  form  emitters  from  tungsten.  Hot  h ]'ro- 
cediires  involve  immersing,  a short  Uuig.th  of  singji'  ervstal  tung.sten  wire 
spot  we  Idl’d  to  a .1  ! mm  diameti'r  W lu'at  ing,  I i lament  int<'  .i  s(Mut  ivui  ol 


Ih 


2N  NaOfK  The  dimensions  of  tlie  single  crystal  W blank  are  ' 2 mm  in 
length  (as  measured  from  the  point  of  spot  weld)  by  .13  mm  in  diameter. 
Electrochemical  formation  of  the  emitter  tip  can  be  accomplished  by 
applying  a continuous  a.c.  voltage  of  13  V or  a d.c.  voltage  (emitter 
positive)  of  9 to  13  V.  The  former  is  called  the  a.c.  self  termination 
technique  and  the  latter  the  d.c.  drop  off  technique.  In  the  case  of  the 
a.c.  method  the  emitter  formation  continues  until  tlie  emitter  recedes 
from  the  solution,  thus  terminating  the  process.  The  d.c.  technique  is 
terminated  bv  quickly  (within  a few  iisec.)  switching  off  the  etciting 
voltage  wlien  the  lower  portion  of  the  immersed  emitter  blank  separates 
from  the  blank  due  to  the  etching  action. 

Fig.  10  shows  typical  emitter  shapes  formed  bv  the  two  processes. 
Table  II  gives  the  typical  range  of  emitter  cone  half  angle  .and  radius 
obtained  by  the  respective  procedures.  Larger  cone  angles  .and  emitter 
radii  .are  formed  by  the  a . i- . process. 

TABLE  11 

OEOtlETRlCAL  CILXRACTER 1 STl CS  OF  W EMITTERS  FORMED  BY  TWO  PROCl'.SSES 


Emitter  Cone  H.a  1 f Angle  Emitter  Apex  R.adius 
PriH'ess  _ _ (jim)  

a.c.  self  termin.ation  4-b  .02  - .03 

d.c.  drop  off  8-10  .1?  - .lb 


Fig.  11  shov.;s  an  .a.c.  proi-essed  i-mitte'r  just  afti-r  being  formed 
(.a)  .and  then  after  therm.al  cycling  to  1 bOO  K (b).  slight  neiking,  of 
till-  emitter  c.an  be  observed  in  Fig,.  11(b)  .ifter  the  therm.al  iirocessing. 

Studies  thus  f.ar  show  I h.at  emitti-r  sh.ape  .md  r.id  i i in  the  r.ange 
imlic.ated  in  T.able  II  e.aii  be  rout  inelv  prodiu'eii  bv  these  two  prmesses. 
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Future  studies  will  be  aimed  at  developing  procedures  to  tahriiate 
emitter  radii  in  the  range  of  0.2  to  0.6  pm. 

B.  Tungsten/Zirconium  F.mitter  Fabrication 

In  the  past  Zr  has  been  deposited  on  the  emitter  by  in  situ 
ev.iporation  or  by  depositing  an  organic  solvent  slurry  of  Zrll  on  the 
emitter  mechanically  and  tliermally  diffusing  the  free  Zr  to  the  emitter 
apex.*"*  Both  methods  have  provided  long  lived  cathodes  and  have  certain 
ativantages.  The  vapor  deposited  method  can  be  carried  out  quite 
reproducibly  compared  with  the  mechanical  method.  On  the  other  hand, 
the  latter  technique  is  relatively  quick  and  simple  to  perform.  Other 
techniques,  such  as  electrolytic  and  sputter  deposition  arc  being 
exam i ned . 

C.  Rare  F.irtii  Boritle  Kmitter  Fabrication 

The  borides  <and  c.irbides  of  certain  tr.ansition  and  rare  earth 
metals  are  believed  ti>  be  more  ilurable  I'mitler  mati'rials  than  tungsten  'le- 
c.iuse  ('t  their  higli  tensili'  strength  and  resistance  to  sputtering.  .Mthough 
preliminary  studies  of  tin'  FF  char.act  er  isl  ics  of  this  cl.iss  of  emitter 
materi.ils  weri'  c.irrii.'il  out  m.inv  vears  ,igo  by  Flinson  et  al,^^  successful 
FF.  catiunles  were  not  developi'd  prim.irilv  beiause  of  material  d i f f i i-u  1 1 i es . 
Mon-  reci'iitly,  .in  FiB,,  FF  imiitter  has  been  reported  to  oper.ite  for  more 

1 

than  1000  hrs.  .it  room  t enqu'r.it  uri-  ,ind  .it  .i  current  levi'l  of  1 to  2 mA. 

Such  .1  high  current  level  is  dill  icull  to  sustain  even  for  tungsten  in 
TF  mode  operat  ion. 

In  reci'iit  work  in  this  l.ibor.itorv  a simple  ainl  reli.ible  method 

of  fabric, It  ing  liigh  puritv  siiptle  crvst.il  needles  of  h.iB,,.  SmB,  , ind 

1 7 


(h'B(,  has  bi'en  develo|)ed. 


rh  i s h.is  renK'vi'd  one  ol  the  miji'f  b.irriers 


impeding  previous  investigation  of  RB,  (R  = rare  earth)  emitters,  i.e. 

tlie  fabrication  of  i)iire  and  lK)mogeneoiis  single  crystal  material.  Tlie 

1 8 

method  employed,  first  perfornii'd  by  R.  hebeau  and  d.  Kigiiras, 

1 9 

later  by  Aito,  et  al  for  LaB,  is  referred  to  as  the  "molten  tin.\" 
method  of  single  crystal  growth.  fhe  nu-thod  consists  of  mixing 
stoich  iomet  r ica  1 1 y the  basic  elements  of  tlie  boride  compinind,  e.g. 
powdered  B and  metallic  rare  e.irth  metal,  in  an  inert  crucible  and 
heating  in  an  argon  atmosphere  >o  ' 15()0°C1.  .After  cooling  the  solid 
Al  solvent  was  dissolveil  with  w.irm  IICl  leaving  needle  and  plate-like 
single  crystals  of  the  boride  compinind.  The  details  of  the  fabrication 
procedures  anti  results  for  l,.i , Ce  and  SmB^  are  given  below. 

1 . Si  n^l  e J^rv;s^a  1 Fabr  ic.it  ion  _hi'i;it^Hhj_rcj! 

The  starting  materials  in  our  application  ol‘  this  methotl 
consisted  of  60  mesh  btiron  powder,  ingot  formed  aluminum,  and  metallic 
chips  of  the  r.ire  earth  metal.  Table  111  lists  typical  impurity  levels 
for  the  starting  materials  used  in  the  single  crystal  prep.arat  ion . 

TABLE  111 

BULK  I’URITY  SPLCl  F ICAi' IONS  OF  TIIL  VARIOUS  ILVIF.RIALS 
MLASURKl)  BY  01’ 1' I UAL  EMISSION  SI’F.CTROORAl’II  1 C TEOIIN  1 t)l’ES 


M.'it  er  ia  1 

1 m|)ur  i t ies 

(ppm) 

Si 

M£ 

I'_e 

Cu 

Al 

Cn 

Ni 

0 

(■ 

Fu 

Nti 

A 1 urn i num 

T 

1 

2 

1 

■ 1 

1 

1 

- 

1 1 

- 

- 

Liint  hanum 

iOO 

1 

- 

100 

- 

100 

600 

100 

- 

- 

- 

- 

Boron 

■ 20 

• 20 

260 

■ 20 

■ 20 

■ 20 

• 20 

1 00 

100  - 

- 

- 

Samarium 

' ■ 100 

1 

- 

100 

100 

100 

100 

- 

- 

- 

600 

lot 

LaB,*  1 

1 00 

1 00 

10 

10 

- 

100 

in 

- 

- 1 00 

- 

- 

’’'single  cryst.ils  prep.ired 


The  single  crystal  grovvths  were  performed  in  JO  ml  alumina 


boats  placed  in  a resist ively  heated  silicon  carbide  globar  horizontal 
tube  furnace.  The  boron  was  placed  in  four  4.8  mm  diameter  holes  bored 
in  the  aluminum  ingot  and  the  rare  earth  was  placed  on  the  top  center 
of  the  ingot.  Before  each  run  the  growth  chamber  was  evacuated  and  back- 
filled to  one  atmosphere  pressure  with  high  purity  argon.  The  heating 
rate  was  from  room  temperature  to  1500°C  over  a period  of  6 hours  and 
maintained  at  1 500°C  for  8 hours.  Cooling  from  1500°C  to  800°C  took 
place  at  the  conductive  cooling  rate  of  the  furnace  over  a period  of 
1.5  hours;  further  cooling  to  room  temperature  occurred  conduct  ively 
over  a 2 hour  period. 

After  dissolving  the  A1  solvent  with  llCl  large  single 
crvstal  platelets  (approximately  2 mm  square  by  0.1  mm  and  some  1 x 7 x 0. 1 
mm)  formed.  Cubic  shapes  also  1 to  2 mm  on  a side  were  also  observed. 

In  addition,  needle  shapes  6 to  8 mm  long  and  0.1  ti)  0.2  mm  square  cross 
section  were  produced.  A tyi^ical  selection  of  these  crystal  shapes  are 
shovvfn  in  Fig.  12.  Similar  results  were  obtained  with  Ce. 

2 . -S  ingl(.‘  Crvsta  l,_Fya  I uat_ion 

Optical  emission  spec t rograph i c analysis  of  the  prepared 
I-iibf,  single  crystals  indicated,  according  to  the  Table  111  snmmarv,  that 
crystal  purity  was  superior  to  the  starting  materials.  Subseciuent  Auiter 
spectroscopy  surface  analysis  of  the  crystals  after  Mashing  at  1 (dlO  K 
showi'd  only  l.a  and  B.  Apparently  even  t lu'  Al  solvent  is  not  appri'ciablv 
incorporated  into  the  griiwing  crystals  of  Lali,  . 

X-ray  diffraction  pictures  ol  the  plati’let  sort. ice  shown 
in  Fig.  I i indicati'  a (100)  direit  ion  peri'cnd  i cu  I a r 1 1'  the  platelet  lace. 

i 
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x-ray  diffraction  of  the  longitudinal  faces  of  the  needle  structures 
gave  (100)  and  (110)  faces.  Thus  the  needle  axis,  which  is  the  growth 
direction,  is  probably  a (110)  direction.  The  sharpness  of  the  x-ray 
diffraction  spots  indicate  relatively  defect  free  single  crystal 
spec imens . 

From  powder  x-ray  diffraction  patterns  a lattice  con- 
stant for  the  LaBf,  crystals  of  4.156  X was  obtained;  tliis  is  in  ex- 

9 20  , . . , 

cellent  agreement  with  the  literature  value  of  4.157  A.  Similar 

x-ray  examination  of  the  prepared  SmBg  crystals  gave  a lattice  constant 

o . . o 20 

of  4.132  A also  in  good  agreement  with  the  literature  value  ol  4.129  A. 

In  summary,  we  conclude  that  the  liquid  metal  flux 
technique  of  forming  small  single  crystals  of  LaBf,,  Cell,  and  SmB,  is 
successful.  It  is  our  expectation  that  several  other  rare  earth 
hexaboridt  compounds  which  exliibit  congruent ly  melting  hexaborides,  such 
as  PrBg  and  NdBf,  will  form  single  crystals  by  tliis  technique. 

3 . Km  i t_t_e  r F a^b  r i cwi  t i o n 

Kmitters  were  quickly  and  convenientlv  prepared  by 
mounting  tlie  needle  shaped  single  crystal  blanks  on  a flat  rlienium 
ribbon  (0.001"  x 0.010")  and  fixed  to  it  bv  means  of  a spot-welded 
rhenium  strap  of  the  same  thickness  and  width  (see  Fig.  14).  in 
addition,  a binder  of  lloSi  was  inserted  between  the  emitter  and  rhenium 
support  strap.  The  I'mitter  points  wert'  obtaiiu'd  hy  i‘ 1 ec  t rcuhi'm  i ca  I etch- 
ing in  a 5071  metlianol /NaOO  1 solution  at  1.5  V.  The  powi't  re(]u  i rement  s to 
resist  ivelv  luMt  t h(>  emitter  shown  in  Fig.  14  to  ' 1800  K are  less  than 
3 watts. 
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LaBe  EMITTER  STRUCTURE 


CERAMIC  SUPPORT 


DIMENSIONS:  a-OI8"to025" 
b - 0 r'fo  0.5" 


rLK'iro  14.  Diagram  of  emitter  aiui  re.sistively  lieatabli- 
filament  supixirt  strueture  used  for  singK' 
crystal  material  of  l.all,  . 


Ili^'hlv  maj’,11  i I i i'i.1  pliiU  diii  i i' roju'aplis  of  a LaB,  iMiiittiT  ari' 
slu)wn  in  Fip.  15  for  tiiriH'  rol.iiianal  or  icnlal  inns  ol  I ho  oniitlor.  Tlio 

O 

p.roKs  tl  iamot  or  ot  Lho  oiiiitior  oml  lorni  is  abouL  1000  A;  iiovva’voi",  oloso 
inspool  ion  of  llio  pholom  i o roj;r  ')5lis  rooiM  I s llial  Uio  omillor  lias  a bn  I I t -up 

O 

Olid  form  will)  a diamolor  al  lho  apox  of  only  100  A.  'I'lio  buill-up  loaluri' 

is  duo  Lo  Lho  appl  ioalion  of  lho  d.o.  f ioUl  wh  i U‘  lusU  in;.',  in  vaonum. 

!•' i i.' 1 tl  induootl  nii;.;ration  of  lho  snbstrati'  tu'oiirs  whioh  oausos  prt'l  I'roiit  i.il 

J I 

tlovolopmonl  tit  ot'rlain  pianos.  I’his  ollool  is  a wo  I 1 knovv’ii  phonomonon 

anti  has  boon  usotl  to  titlvanlap.i'  > " lho  tlovolopmonl  til  pr.io  t ioa  1 I 1 o I tl 

11,12 

omission  o.illuidos  Itir  whioh  it  is  an  .itlv.iiU  a.tto  to  havo  olootiain 

omissitui  otinfinotl  tti  a n.trrtiw  otmo  abtnit  t ho  omit  lor  axis. 

■Similar  sh.ipotl  omit  tors  havo  hoon  I .ibr  I o.iL  oti  I rom  t ho 
sinpjo  I’rvst.il  nootllos  tif  C.oB,,  anti  SiiiB,,.  I'urthor  slutlios  .limt'tl  .it 
proptirin;;  omiltors  tif  spt'o  I I if  r.id  I I .iro  boin;’,  t'ont  iiuit'tl. 
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Micrograph  profiles  of  an  LaB^  field  emitter  wliich  has  been  operated 
in  a TF  mode. 


SECTION  IV 


ELECTRON  EMISSION  STUDIES 


Preliminary  studies  of  the  field  emission  characteristics  of  LaH^, 
single  crystals  liave  been  carried  out.  Difficulties  have  been  encountered 
in  obtaining  reproducible  and  coherent  patterns.  In  many  cases  emission 
seemed  to  be  occurring  from  randomly  spaced  emission  points  on  tlie  emitter 
surface . 


Fig.  16  shows  the  emission  pattern  from  an  LaB,  emitter  after  sev- 
eral temperature  cycles  above  1800  K.  These  patterns  were  obtained  from 
the  same  emitter  as  shown  in  Fig.  15.  Tlie  overlapping  circles  of  emission 
can  only  be  explained  in  terms  of  small  (atomic  sized)  protrusions  on 
the  emitter  surface  which  preferentially  emit  due  to  local  field  enhance- 
ment. The  overlapping  circles  of  emission  were  observed  to  change 
position  with  temperature  cycling. 

The  aforementioned  results  were  usually  observed  with  low  voltage 
(V  < 1000  volts)  emitters.  It  was  speculated  that  the  errat  ii'  beliavior 
of  the  previous  emitters  were  due  to  stoichiometry  variations  at  the 
emitter  surface  due  either  to  a bulk  stoichiometry  differing  from 

= “ or  to  a preferential  evaporation  of  lanthanum  or  boron.  To 
B n 

avoid  this  possibility  subsetpieiu  emitti'r  blanks  wiU'c  maintained  at 

high  temperaturi's  for  several  hours  prior  to  forming  the  tip. 

Fig.  17  is  a sequence  of  FEM  iiatterns  obtaimsl  from  a higher  voltage 

LaBf,  emitter.  Photos  (a)  and  (b)  were  taken  during  the  tlu'rmal  cleaning 

sequence.  From  Auger  spectroscopy  stuilies  it  was  deti'rmined  t h.it  hiat  ing 

the  LaBr,  crystals  to  1700  K resulted  in  a clean  surlace.  An  interesting 


obsi’rvat  ion  in  the  Fig.  17  photos  is  the  reversal  in  emissi<'n  d isi  r iliui  ion 
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P'igure  17.  Field  electron  microscope  p.itterns  of  an  l.ali^,  emitter; 
(n)  and  (b)  were  during  the  early  stages  of  lltermal  cleaning  and 
taken  with  a d.c.  applied  voltage;  patterns  (c)  and  (d)  were' 
taken  during  tlie  latter  stages  of  thermal  cleanini’,  using  a pulse 
viewing  voltage.  The  (110)  plane  is  tiie  central  plane'. 


betwecMi  (b)  and  (c).  Photos  (o)  and  (d),  which  art*  bol  iovod  to  bo  oloan 


surfaces,  show  a definite  2-fold  symmetry  c liarac ter ist ic  of  a (110) 
orientation  along  the  emitter  axis.  It  is  also  clear  from  the  latter 
photos  that  the  (110)  plane  (in  the  center  of  the  pattern)  is  a high 
work  function.  From  the  iiattern  svmimetry  it  can  be  concluded  that  the 
(100)  planes,  located  tin  the  top  and  bottom  of  photo  (c),  and  the  (111) 
planes,  located  on  the  right  and  left  side  of  the  (110)  plane,  are  also 
high  work  function  planes. 

As  an  electron  optical  source  it  is  desirable  to  have  tlie  lowest 
low  work  function  plane  along  the  emitter  axis.  It  appe.irs  tlie  li'west 
work  function  region  occurs  in  the  center  of  tlie  triangle  fornu'd  by  the 
(110),  (111)  and  (100)  directions. 

Future  work  on  emitter  fabrication  will  be  aimeii  at  developing 
zone  refining  ami  crystal  seeding  tecliniques  in  order  to  obtain  specified 
crystal  directions  along  the  emitter  axis. 


The  current -VO  1 1 age  relationship  from  the  Fig.  15  I, ah,  FT,  emitter 
is  shown  in  Fig.  18  in  the  form  of  tlie  well  knov'/n  FowK'r-Nortilu'im  (FN) 
ph't.  The  Few  1 er-Moril  he  ini  i>(|uat  ion  describing  the  field  t'lei'tron 
current-voltage  re  1 at  ionsh  i )>  is  given  by 
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tlie  FN  plot  in  Fig.  18  is,  at  least  in  part,  due  to  space  charge. 

Further  studies  are  being  conducted  to  ascertain  the  exact  contributions 

of  space  c barge  and  othe r effects  in  the  observed  experimental  results. 

F.mission  currents  as  high  ;is  1.0  mA  have  been  obtained  from  a room 

temperature  l.aBj;  emitter.  Tliis  is  an  extraordinary  large  total  current 

which  would  be  difficult  to  sustain  for  any  length  of  time  in  the  case  of 

a W emitter  at  room  temperature.  A few  preliminary  life  tests  liave  been 

performed  on  a heated  (T  = 1500  K)  haBj,  emitter.  Life  test  runs  at 

current  levels  of  300  have  been  sustained  for  up  to  60  hrs.  In  most 

instances  the  LaB^,  emitter  did  not  undergo  appreciable  geometric  change 

21 

due  to  thermal-field  build  up. 

In  summary,  the  LaBf,  Fe  source  has  demonstrated  tliat  it  can  sustain 
large  total  currents  at  both  room  and  elevated  temperatures.  Furtlier 
work  will  be  directed  at  est.abl  ish  ing  proc-edures  to  obtain  reprodiu' i b 1 e 
emission  distributions  and  to  control  the  l.a/B  ratio  in  the  hulk  as 
precisely  as  possible. 
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SECTION  V 


r 


CAS  PHASE  FIELD  IONIZATION  STUDIES 

Prt'liminary  gas  phase  FI  studies  are  being  carried  out  with  easy 
to  liainile  gases  suclt  as  Ho  and  A.  The  principle  aim  of  the  studies 
reported  here  was  to  develop  a gun  that  Vi;ould  provide  a high  intensity 
beam  of  ions  using  FI.  Additional  objectives  of  tliese  initial  studies 
are  to  determine  emission  chariicter  ist  ics  such  as  beam  noise  spectrum, 
angular  distribution  and  beam  brightness. 

A.  Experimental  Arrangement 

Two  FI  sources  were  built  for  use  on  an  optical  bench  and  on  a 

higher  vacuum  system.  In  each  case  the  emitter  was  surrounded  by  a Mo 

cylinder  (catiiode  cap)  ^ 1 . 5 cm  in  diameter  with  a thin  aperture  of  0.5 

or  1.0  mm  diam.  at  one  end  through  which  t lie  ion  beam  was  extracted.  The 

2 3 

aperture  also  served  as  a pumping  port  for  the  dynamic  gas  supply. 

H2  was  chosen  as  the  gas  for  these  experiments  because  it  re- 
quires a field  of  ==  2.2  V/X  to  ionize  efficiently,  which  is  similar  to 

or  higher  than  what  is  required  for  other  gases  such  as  Ar,  N , 0 , or 
Xe. 

The  high  vacuum  study  was  performed  in  a glass  field- ion 
microscope  designed  with  an  ion  source  shown  in  Fig.  19.  The  Mo  i-atlunk' 
cap  i-ontaining  the  beam  aperture  fits  tightly  around  the  glass  l.N 
reservoir  and  is  cooled  by  it.  The  configuration  of  tlu>  source  was  such 
that  gas  molecules  made  several  collisions  with  the  walls  bidore  escaping 
through  the  aperture,  thus  ensuring  that  the  gas  supply  to  the  iMiiitter 
would  be  at  I,N  t emper  a 1 11  ri' . lieiaiise  the  source  con  i i g,u  ra  t i on  ilid  iii't 
permit  direct  measurement  of  the  gas  pressure,  mi’.isurement  s ot  the  soiini’ 
geometry  were  matle  so  lh.it  t lu'  pressure  drop  into  the  m.iiii  ch.imber  couKI 
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GAS  INLET 


F'iKiirf  19.  n i .'ij'.r.im  of  ,i  il  i f I'crimt  i .1 1 I v punipi'd  I' I sou  ret'.  I'illiiiv;  tlio 
iiHH'r  (lovt'.ir  with  lir|uitl  N 000  Is  t ho  >;.is  .ind  omit  tor. 


be  calculated  from  kinetic  theory.  The  pre.ssure  in  the  main  chamber  was  I 

monitored  with  an  ionization  gauge. 

The  ion  beam  was  detected  on  a Willemite  screen,  where  the 
intensity  could  be  measured  with  cither  an  electrometer  connected  to  the 
screen  or  with  a photomultiplier  tube.  The  photomultiplier  was  inter- 
faced to  the  screen  with  a light  pipe  which  could  be  fitted  with  various 

apertures  or  lenses.  H2  was  admitted  into  the  source  through  a Pd  "leak"  ■ 

via  a finely  controlled  valve. 

Current-voltage  measurements  were  made  with  a Kelthley  600A 
electrometer  and  a Sensitive  Instrument  Research  Corporation  electrostatic 
voltmeter.  Voltages  could  be  read  to  within  0.25%  and  were  reproducible 
to  that  extent.  The  phosphor  screen  was  biased  at  22  V positive  with 
respect  to  the  grounded  cathode  cap  to  reduce  the  effects  of  secondary 
electrons.  The  whole  source  was  shielded  so  that  measurements  of  currents 
in  the  10“'^  A range  could  be  made. 

Tlie  optical  bencli  system  consisted  of  a metal  casting,  epoxy 
.sealed,  with  numerous  electrical,  vacuum,  and  mechanical  f eedthrouglis . 

The  system  utilized  Viton  "O"  rings  and  was  pumped  with  a A-in.  (10.2-cm) 
diffusion  pump  trapped  with  LNp.  A background  pressure  of  ^3  x 10~^  ti’rf 

was  typical  during  the  experiments.  The  optical  bench  allowed  the  inser-  ^ 

t ion  of  a variety  of  electrostatic  lenses,  beam  deflectors,  .ipertures. 

targets,  faraday  cups,  and  a photomultiplier  light  pipe.  The  electron-  \ 

optical  compcini’iits  were  held  in  "w.ivs"  machined  to  high  tolerances  so 
that  all  com()onents  were  parallel  and  on  axis. 


The  source  used  in  the  optic.al  bench  was  similar  in  design  to 
the  one  used  in  the  high  vacuum  svstem,  exci’pl  that  in  the  present  ti'rm  it 


ciiuld  not  he  eooled.  Pressure  in  the  source  volume  was  measured  with  a 
Ceneral  Electric  thermistor  pressure  gauge  fitted  on  the  cathode  cap. 

The  gauge  was  calibrated  with  the  system  thermocouple  gauge  at  10“*  torr 
and  with  the  system  ion  gauge  at  10“^  torr. 

Ion  currents  were  measured  with  a faraday  cup  biased  to  pre- 
vent the  escape  of  secondary  electrons.  For  scanning  work  requiring  a 
faster  response  than  the  electrometer,  the  beam  was  detected  with  a 
photomultiplier  tube  and  a high  speed  scintillator. 

Angular  distributions  were  measured  in  the  optical  bench  by 
using  a four-plate  deflection  system,  calibrated  by  deflecting  an 
electron  beam  of  known  energy  across  two  100  um  apertures  separated  by 
0.391  cm.  The  faraday  cup  was  fitted  with  a slit  aperture  1.2  x 12.5  mm 
located  40  mm  from  the  emitter.  The  aperture  subtended  a solid  angle  of 
9.4  msr  and  had  a resolution  of  30  mrad  in  the  direction  of  deflection. 

The  emitters  used  in  these  experiments  were  m.ade  of  Ir  with 

O n 

radii  generally  800-1500  A,  although  emitters  with  radii  down  to  350  A 
have  been  used.  The  emitters  were  examined  and  pliotographed  with  an 
electrostatic  transmission  electron  microscope.  Ir  was  chosen  fi'r 
the  emitters  bectiuse  of  its  resistance  to  water  etch  and  its  gencr.il 
durability.  Work  done  earlier  in  this  l.iboratory  has  confirmed  the 
superiority  of  Ir  emitters  to  W emitters  in  any  situation  Vv'here  water 
contamination  might  be  present.  A comparison  of  the  properl ies  of  an  Ir 
emitter  and  a W emitter  after  0.3-h  oper.a*  ion  in  an  environment  with  I’,,  , 

11  i' 

10”'*  torr  is  shown  in  Figs.  20  and  21,  wht'ta'  it  may  bi'  sinn  that  v.thile 
the  water  had  virtually  no  effi’ct  on  the  Ir,  t h<.‘  W emitti'f  pcrlormanci' 
was  degraded  by  several  orders  ol  mag.nitude.  A life  lest  on  .in  Ir  emittei 
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FiKiiri-  21.  t'l  c'urreiU  vs  vult.iKt'  I'l'r  .in  Ir  cmiiLiT  bi’iUri'  .in.l  .ilii'V 
0.  i-li  c-xpnsur*'  to  11  (1  .u  .i  prossviro  P = 10“''  tofr. 


at  room  temporature  with  P = 10  ^ torr  showed  no  ctiange  in  performance 

1 i O 

over  a period  of  12  h. 

B.  Results 

1 . S en s i t i v_i  ty_ 

Ion  current  was  measured  as  a function  of  Ht  pressure  in 
both  the  optical  bench  and  the  high  vacuum  system  to  determine  the  sensi- 
tivity in  A sr~*  torr“*.  Sensitivities  were  referenced  at  3 kV  above  the 
best  image  voltage  (BIV)  or  3 k\'  above  the  break  in  the  I -V  curve  as  slK'wn 
in  Figs.  22  and  23.  At  room  temperature  (294  K)  sensitivities  of 
0.5-3  X 10“'  A sr“*  torr“*  were  measured  in  the  optical  bench  system. 
Sensitivities  of  0.3  x 10“^  A sr~^  torr“*  below  1 0~  torr,  rising  to 
0.7  X 10“^'  A sr“*  torr“^  at  3 x 10  ‘ torr  were  measured  in  the  high  vacuum 
system.  The  reason  for  the  increase  in  sensitivity  with  pressure  in  the 
liigh  viicuum  system  is  not  yet  known.  The  gre.ater  sensitivity  in  the 
optical  bench  system  may  be  due  to  low- ion  izat ion-pot ent i a 1 contaminating 
gases  entering  tlie  source  with  the  H . At  77  K the  sensitivity  in  t he 
high  vacuum  system  was  measured  to  be  5 x 10“'  A sr“’  torr“’  over  tin.' 
range  3 x 10““*  - 2 x 10“^  torr  (see  Fig.  24).  These  ri'sults  are  simil.ir 
to  work  recently  iierformed  in  this  laboratory  with  an  array  of  four  Ir 
emitters  wlu're  sens  i t iv  i t it’s  of  6 x 10“'  .and  3.7  x 10“’'  A sr“'  torr”'  were 
measured  .at  300  .-ind  150  K,  rt'spei' t i ve  1 v . 

Wluai  .an  emitter  w.as  pl.aced  0.7  mm  I rom  the  0.  5-mm  .iperture. 
the  si'iisitivity  w.as  found  to  lu’  .about  two  times  less  t h.in  t h<'  I irst 
emitter  whicli  w.as  2.0  mm  fta'm  the  .'ipertiiri'.  Ihe  1. it  ter  result  m.iv  be 
due  to  ,1  lower  emitter  .sen.s  i t i v i t y . since  no  el  tort  w.is  m.ule  to  ensure 
emitti'r  iinilormity  by  lield  desorption  bel  ore  use.  (tn  the  other  h.ind. 
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CURRENT  (AMP) 


J 


the  lower  sensitivity  may  reflect  a lower  gas  pressure  near  the  aperture. 

It  is  to  be  expectetl  that,  at  pressures  corresponding  to  molecular  flow, 
the  pressure  gradient  through  the  aperture  would  manifest  itself  at  a 
distance  comparable  to  the  aperture  dimensions.  The  maximum  11  pressure 
consistent  with  reasonable  c'mitti'r  lifetimes  was  ' 8 x 10”  torr  at 
294  K. 

As  mentioned  previously,  sensitivities  were  measured  at 

field  strengths  of  2. 3-2. 6 V/A  - I OZ  to  20Z  above  the  BIV  - in  order  to 

achieve  maximum  source  current  density  within  reasonabli’  limits  ot  be.im 

energy  spread.  At  these  field  strengths  the  ion  current  is  roup.hly 

equally  distributed  between  ll"*"  and  'fhe  bulk  of  the  currimt  f.alls 

within  an  energy  spread  of  2 eV  and  the  l)u  1 k of  the  H current  wititin 

25  + 

about  3 eV.  The  first  Jason  peak  for  oci-urs  about  7-10  eV  biJow 

the  main  peak  and  is  rather  small  in  intensity.  Mo  Jason  peak  is  sc'eii 
for  ll"''. 

2 . Mo  Lse 

The  signal  to  noise  ratio  in  t lie  ion  bt'am  was  measured 
with  a spectrum  analyzer  ;itt;iched  to  an  KMl  9502B  photomultiplier  tube 
on  the  high  vacuum  system.  The  photomultiplier  current  1 was  monitored 
with  a high  quality  m 1 c roanmu't  er  . The  background  current  1 and 
(M„;  )'/•  were  constant.  The  results  art.'  shown  in  TabU’  IV.  Sinci.’  it 
was  evulent  th.it  there  is  relat  iviJy  M 1 1 1 1'  noise  in  t lu'  signal  .ihove 
t - 10  llz,  the  I reipiencv  of  the  spectrum  .in.ilv/er  was  swept  I rom 

f = I - 1 00  Mr  with  .i  bandwidth  of  'I  = 10  llz  with  the  be.im  I'n  .ind  then 
with  the  be.im  olf.  It  w.is  I ound  tli.it  the  spectral  dens  it  ies  were 
pr  ac  t i e.i  I I ■■  identical  .ibove  I la  II/.  It  w.is  noticeil  upon  v i su.i  I 
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TABLl-:  IV 

NOISE  DA'l'A  FOR  FI  BEAM  TAKEN  UMTII  lO-llE  BANDWIDTH 


f 

dig.) 

mA 

(AI  )*/  - 

;iA 

S/N 

1 

21 

0.  9 

42 

10 

21 

0.2 

109 

60 

21 

0.2 

109 

1 

1 1 

0.9 

22 

10 

10 

0.  1 

100 

60 

10 

0.1 

100 

oxamiiuUion  of  Iho  viewing  screen  tliat  various  emission  sites  on  the 
emitter  surface  turned  on  and  off  in  a random  fashion,  and  it  aiipeared 
that  the  main  contribution  to  tiie  low  frequency  noise  is  tlu’  current 
fri'm  tliese  sites.  Since  tlie  noise  remained  constant  as  t hi'  current  was 
increased  (by  increasing  the  gas-supply  jiressure),  it  appears  that  tile 
sites  responsible  for  the  noise  emit  i ndependent 1 v of  the  gas  pressure. 
Thus,  as  the  current  is  increased  the  signal  to  noisi*  r.it  io  improves, 
i.  Angular  Disijjhujions 

Angular  distributions  shown  in  Fig,.  2'5  were  mi'asuri'd  with 
two  emitters  at  294  K in  the  optical  hi'iich  svstem,  with  H g,as  at 
1 X 10- * torr  at  19  and  18  kV  (F  = 2.6  V/A  and  F = 2.i  V/A) . The  hack- 
ground  pressuri'  was  ! x 10“''  torr.  The  asvmmetrv  ot  the  ani'.ular  distri- 
butions taken  at  right  angles  indicates  a liki'lv  emitter  oriental  ion  along, 
t he  I I I 1 I d i rec  t ion  . 


I 
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DETECTOR  RESOLUTI 


DEFLECTION  ANGLE  (degrees) 


I'ii;iirc  2').  Angul.if  ilislribiit  inns  nuM sii red  in  I lii'  o])!  ii  .il  luMirli  svstrri 

.It  294  K.  Tlu-  .isvniiiu'l  rv  I'l  I ln‘  or t hoj’.i'n.i  I il  i si  i' i Im t i on 

i ml  i (Mt  os  .1  1 i ko  1 V i‘m  i I t oi'  o r i out  ,it  i I'li  1 1 out'  t ho  I I 1 M i 

(I  i root  ii'ii.  : 

I 

jj 
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In  Fig.  26  we  show  an  angular  distribution  taken  in  the 


higli  vacuum  system  with  a field  of  2.3  V/A  at  a Hp  pressure  of  1.5  x 10“^ 
torr  and  an  emitter  temperature  of  77  K.  T!iis  was  measured  bv  slov^;ly 
sweeping  tlie  photomultiplier,  light  pipe,  and  collimating  aperture  across 
the  faceplate  of  the  FI  tube.  The  angular  resolution  is  ^ 3°.  Tlie 
horizontal  line  represents  the  photomultiplier  background  current. 

These  results  show  that  the  ion  current  is  relatively  uniformly  distri- 
buted between  + 20°. 

C.  Summary 

These  preliminary  results  show  that  field  ionization  of 
gases  can  produce  a low  noise  liigh  brightness  ion  source  suitable  for 
microprobe  applications.  A simple  source  has  been  designed  which  allows 
the  high  gas  pressure  to  be  confined  to  the  emitter  region  of  the  ion  gun. 
Cooling  the  incoming  gas  and  emitter  increases  the  ion  current  to  a value 
of  5 X 10“'’  A sr~^  torr~*. 

According  to  the  Fig.  5 results  an  aperture  half  angle  I'f 
12  mrad  gives  a virtual  source  size  of  10  A for  F = 2 x 10*^  V/cm,  V = 19  kV. 
and  p = 1000  A.  This  value  of  virtual  source  size  coupled  with  the 
above  mentioned  angular  intensity  for  yields  a souri-e  brightness  of 

2 X 10^  A sr“^  cm~^  for  a gas  pressure  of  I x 10”  torr.  A duo- 

26 

plasmatron  ion  .sounre  ileveloped  by  Orummond  ami  Long”  has  a brightiu'ss 
of  400  to  1000  A sr“'  cm”^  .it  20  kV,  which  represents  the  state  of  the 
art  for  conventional  cathodes. 
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ANGULAR  DISTRIBUTION 
MEASURED  WITH  PHOTOMULTIPLIER 
ON  VIEWING  SCREEN 


r •> 


Fi>^iire  Angular  d istr  Lhiit  ion  measured  in  the  hiRh  vacuum  system  witli  a phot  omul  t i])  1 ier  . The 

photomultiplier  light  pipe  was  apertured  to  accept  only  3°  of  the  beam  measured  at 
the  emitter.  i represents  the  background  in  the  photomultiplier. 


SECTION  VI 


LIQUID  GALLIl'n  FIELD  EMISSION  STUDIES 


A new  type  of  field  emission  source  suitable  for  both  electron  and 
ion  emission  is  a pointed  emitter  of  liquid  Ca . The  liquid  field  emission 
source  is  frequently  referred  to  in  the  literature  as  an  electrohydri'dynamic 
(EHD)  source  because  of  its  method  of  operation.  Its  history  goes  back 
to  the  early  days  of  electric  propulsion  research  when  various  fluids  were 
being  used  to  form  charge  droplets  by  spraying  from  small  nozzles  with 
high  ele''trostatic  fields. 

The  method  consists  of  exposing  a conductive  1 iqu id-meta 1 -vacuum 
interface  to  a high  electrostatic  field  produced  near  the  tip  of  a small 
capillary  lube  (typically  between  .02  and  .08  mm  radii).  The  interaction 
of  the  electrostatic  stresses  with  surface  forces  of  the  liquid  results  in 
the  formation  of  a liquid  cone  extending  outward  from  the  capill.iry  tip. 
Near  the  liquid  cone  apex,  the  fields  are  sufficientlv  high  ( 10  V/cm) 

to  extract  ions  by  field  evaporation  or,  if  the  fieUI  polaritv  is  ri‘- 
vers.'d,  <-lectrons  by  field  electron  t'mission. 

27  28 

The  production  of  ch.irged  particles  t rom  Wood's  metal, ^ G.i  and  Sn,“ 

29  10-11 

Cs  and  a Oa-In  .alloy  has  bei>n  investigated.  In  the  c.ise  ol  t lie 

(!a-In  eutectic  alloy  the  major  ions  produced  are  Oa^  and  In^  witli  .a  widi' 

v.iriety  of  multiply  charged  molecular  ions.^* 

A.  Tlu'ory  of  Operation 

It  is  hypot  ties  Izeil  th.al  ion  emission  from  a liquid  metal  sail. ice 
originates  near  the  apex  of  a single  conic.al  jet  wlu'ri’  the  1 ield  is 
sufficientlv  largt'  to  field  evapor.at  e ions.  Format  ion  ot  conic, il 


5J 


geometries  when  a Liquid  surface  is  exposed  to  a liigLi  (.'lectric  field  has 

been  demonstrated  experimental  ly.  The  problem  of  determining  the 

allowed  equilibrium  shape  of  a liquid  surface  so  that  the  electrostatic 

stress  f^  normal  to  the  surface  is  exactly  balanced  by  the  surface  ten- 
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sion  f^  forces  was  treated  by  Taylor.  The  surface  tension  force  is 


given  by 


(.T  ^ k) 


(21) 


where  is  the  surface  tension  and  , j and  9 are  the  principle  radii 
of  curvature.  For  a sphere,  cone,  and  Infinitely  long  cylinder  Eq.(21) 
becomes  respectively 

(22) 


f ^^  (sphere)  = 2',  ^/t 


f (cone) 
s 


cot  a 


f (cyl  inder ) = > /. 

s s 


(23) 

(24) 


where  . is  the  respective  radii  and  a is  the  cone  half  angle  and  R the 
distance  along  the  cone  axis.  Since  the  electrostat  ic  stress  is  given 
by 

P?  ^ 

^ (dynes/cm^)  (2S) 

the  conditions  for  equilibrium  betwi'on  the  external  e I ei- 1 ros  t a t ic  and 
internal  surface  tension  forces  are 

1/ 


F (sphere)  = 4 ( — 

/8n,  \ '/■ 


F (c y I i nder  ) 


.(••) 

(Hu  y col  (\ 

-) 


I/.' 


(2h) 
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F (cone) 


( JH) 


If  an  anode  Is  a distaiue  a from  the  surface  of  the  sphere  or  cylinder, 
the  voltages  required  for  the  above  conditions  are 

- (29) 

V (cylinder)  = . (Stiy^)^/-  ^n  ^ (30) 

= 1.5  X 10^  Y 'n  — 

s a 

where  V is  in  volts,  , in  dvnes/cm  and  p in  cm.  For  tile  case  of  a cone 

s 

the  angle  a must  be  found  so  that  F ot  Taylor^^  showed  that  tliis 

would  occur  only  if  a = A9.3°,  in  which  case  F.q.(28)  becomes 

/Stiy 

F (cone)  = .93  ( (V/cm)  (31) 

and  the  potential  of  an  anode  surface  a distance  R from  the  cone  apex 
is  given  by 

V (cone)  = 1.4  x lO^Y^^/^  (32) 

Most  experimental  studies  have  confirmed  that  the  cone  formed  by 

the  electrostatic  forces  has  a cone  half  angle  i = 49°  as  predicted. 
However,  in  many  cases  a small  cylindrical  i-olumn  extends  out  from  tlie 
cone  apex.  A comparison  between  Eqs.(27)  and  (31)  sliows  tiiat  the  fii-ld 

required  to  stabilise  a cylinder  of  radius  p and  a cone  truncati’d  at 

R = p is  approximately  the  same. 

In  some  instances  small  charged  droplets  are  emitted  I rom  the  end 
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of  the  cone.  Mahoney,  et  al  I'oneludeil  that  ion,  as  opposiul  to  ilroplet 

formation  will  occur  if  tlie  tensile  striuigtli  f^  of  i lu'  liquid  is  large 

compared  to  the  el  ec  trost  .at  ic  stress  ri'ouired  for  field  evaiiorat  ion,  i. 

f /f  is  large’, 
t e 


= 2.13  X 10^  Y^^/^pl/2 


V (sphere)  = . 4(nY^)*'^^^ 


An  approximate  expression  for  the  field  required  for  field  evapora- 


tion from  metals  is 

h-E  ■ ("VAE  + 1 - I - W .n  ) (33) 

or 

Fpj,  = .069  + I - ; - kT  .n  — ^ (\’/h  (34) 

where  is  the  heat  of  vaporization  I,  the  ionization  potential,  ■, 

the  lifetime  with  respect  to  field  evaporation  and  = 10”*'  sec.  The 

O 

second  expression  is  correct  for  h^,^p,  1,  kT  and  41  in  eV  and  F in  V/A. 

The  value  of  t can  be  arbitrarily  chosen  as  1 sec.  It  should  he  pointed 
out  that  the  above  expressions  assume  s' ugly  charged  ionic  species  being 
evaporated.  Table  V lists  the  values  of  Fp^  at  TOOK  and  other  relevant 
parameters  for  several  liquid  metals. 

TABLE  V 

EVAFOILXTION  FIEI.DS  F('R  10.\  F.MISS10N  FRdM  LIQUIDS 


Element 

Vapor izat ion 
Energy 

"VA..  <•’“> 

I on izat  ion 

I’otent  ial 

I (eV) 

Wo  r k 

Func  t ion 
.})  (eV) 

Surface 

Tension 

(dyn/cm) 

Evaporat ion 

Field  Fp^  (V/A) 

Cs 

0.81 

'3.87 

1.81 

60 

. 3b 

Rb 

0.85 

4.16 

2.09 

7 6 

. 32 

R 

0.9  3 

4.  32 

2.24 

86 

.40 

2.82 

5.97 

4.12 

735 

1.1; 

Hg 

0.64 

10. '39 

4.5  3 

480 

2 . 4 4 

Tlio 

theoretical  tiMisile  strengtii 

of  t he  1 

i t|u  id  CO  1 umn 

can  be  est  1- 

I = 2,/r 
t o 


mated  bv 
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wliL're  r is  the  interatomic  spacing.  Mahoney,  et  al,  have  tabniateil 


values  of  r , f and  f which  are  reproduced  in  Table  VI  . 
o t c 


TABLK  VI 

RATIO  OF  SURFACE  ELECTROST.ATIC  STRESS  AT  ION  EVAPOR.\TION  FIELDS  TO 
THEORETICAL  STRJiSS  NECF‘^SARY  TO  RUPTURE  A LIDUIU  COLIRIN 


Tensile  Strength 

Interatomic  f x 10”^^ 

Element  Distance  r (X)  (Svn/cm^) 

o 

Elect  rostat  ic 
Stress  f X 10“*® 
(dyn/cm' ) 

Force 

Rat  io 
f /f 

t e 

Cs 

5 H 

0.226 

0.0545 

4.16 

Rb 

4.97 

0.317 

0.0428 

7.  1 

K 

4.70 

0.365 

0.069 

5.2 

Ga 

2.77 

5.3 

0.562 

9.4 

Hg 

3.07 

3.14 

2.57 

I .2 

According  to  Table  VI  Ca  should  he  one  of  the  most  favorable  lupiids 
for  field  evaporation  of  ions  because  of  the  large  ratio  of  f^^/f  • 
further  important  property  possessed  by  liquid  Ca  is  its  low  vapi'r  pres- 
sure or  a 1 ternat  ivel  V its  liigh  value  of  1!  . .At  room  ti’mperature  its 

vap 

vapor  pressure  is  completely  negligible  and  .at  SdA  R its  v.ipor  pressuri- 
is  only  10“^  torr.  This  means  that  negligible  gas  ph.ase  eli’ctron  impact 
ii'nizatii'ii  of  Ca  occurs  iluring  electron  emission  aiul  th.at  ni'g,  I i)',  i b U'  j;a.s 
ph.ase  field  ionization  occurs  during  ion  emissiiui.  In  t lu'  i .ise  ol  the 
source  cotif  i gii  rat  ion  shown  in  Fig.  2H(c)  t lu>  C.a  sup|ilii's  tin.'  emitter  vi.i 
surf.ace  tliffusion.  If  the  Ca  wi.'t  s the  emitti'r  surl.ico  t In-n  sup|ilv  to  tin 
I'mitti'r  tip  maurs  bv  sell  surf.aci’  diffusion  ol  Ca  . An  import, oil  l.utor 
is  t lu'  me. in  dist.anci'  X the  C.a  iMn  dilfuse  bol  ore  ev.ipor.il  ion  ociui-.,  'liinc 
this  will  limit  the  supulv  ol  C.i  lo  the  I'mitter. 


It  c.an  bi'  shown  th.it  X 


is  approximately  given  by 


X = a^  exp  - E^,.ff)/2kT  (35) 

where  E,.,--  is  the  activation  energv  for  self  diffusion  and  a is  the 
u 1 1 r • o 

mean  jump  length  for  the  diffusing  particle.  In  view  of  the  large  value 
of  H for  Ga,  it  is  clear  from  Eq.(35)  that  X is  verv  large  at  room 
temperature.  According  to  this  model  it  would  be  profitable  to  increase 
the  source  temperature,  in  order  to  increase  the  diffusion  rate,  until 
the  value  of  X is  approximately  equal  to  the  distance  between  the  emitter 
tip  and  the  Ga  reservoir. 

According  to  Eq.(32)  the  anode  voltage  requirerl  to  stabilize  the 
liquid  cone  depends  only  on  and  R.  For  Ga , Cs,  and  Hg  the  required 
anode  voltages  for  R = 1 mm  are  12.35,  3.5  and  9.9  kV  respectively. 


B.  Experimental 


Figure  27  gives  a cross-sect ional  representation  of  the  appa- 
ratus used  for  liquid  field  emission  studies.  The  extractor  and  screen 
can  be  either  positive  or  negative  high  voltage  enabling  boLh  electron 
and  ion  field  emission  to  be  studied.  The  rubber  diaphragm  allows  the 
vessel  to  be  evacuated  before  inserting  the  liquid  through  a hyperdermic 
syringe;  thus  preventing  any  oxidation  of  the  liquid  metal.  t)nce  inserted, 
the  position  of  tlie  liquid  metal  meniscus  is  controlled  by  adjusting  the 
gas  pressure  via  two  air  v^ilves,  one  leading  to  an  argon  pressure  source, 
the  other  to  a mechanical  pump.  The  pressure  inside  tlie  main  vessel  is 
maintained  at  ==  10~  ^ torr. 

The  two  needle  configurations  that  have  been  used  are  shown, 
in  Fig.  28.  The  tips  are  so  shaped  to  aide  the  liquid  metal  in  wetting 
the  needle.  Because  of  rapid  attack  by  the  liquid  fla  the  Pt  nozzle  was 
discarded.  The  work  reported  here  was  carried  out  with  the  W nozzle 
shown  in  Fig.  28(h).  Presently  studios  are  being  carried  out  with  a K 
emitter  insert  shown  in  Fig.  28(c).  The  latter  design  operates  at  a 
lower  voltage  (depending  on  the  emitter  length)  and  supplies  (la  to  the 
end  of  the  emitter  through  a surface  film  of  (la  wetting  the  emitter.  A 
small  field  stabilized  cone  .iiipears  to  form  on  the  eml  of  emitter  thus 
localizing  and  stabilizing  tin-  geometric  Uu-at  ion  of  tlu’  virtual  si'uria'. 

The  liquid  metal  being  used  wa.s  a (la/ In  allov,  c-ont.iining  a 
eutectic  mixture  of  121’'  wt  . In.  This  mixture  was  chosen  because  of  its 
rt'lative  high  wetting  ci'ef  f ic  lent  , and  low  melting,  [loint  (lrt°t  i,  thus 
eliminating  any  need  for  he.iting  during,  tlu'  <'xperim"nt. 

Fig.  29  show.s  till'  simple  e i reii  i t emplo'.ed  to  me.i.sure  the  t ield 
I'misslon.  R is  .i  current  limiting,  resistor  .ind  the  .ittinuater  reilm  es 
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Phosphor  Screen 


I 


I 


I 


Fis'.nri'  27.  Diaj’.ram  dt  tlir  liquid  Ca  s<'um'  and  lulu’  usi'ii  to  studv 
i' 1 1'l  t.  roil s and  inn  l■^li^.sinn. 
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Platinum  Tungsten 


Figure  28.  Oi.igr.im  of  t ho  platinum  (a)  and  tungston  (b)  and  (o)  .souia-os 
j'mplovod  to  study  olootri'n  .and  ion  omission  from  li(|uid  (la. 
Liquid  C.a  was  fod  to  tho  no?;7.1o  liy  a positive  prossun- 
d i f f oront  ia  I . 
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Current  Limiting  Resistor 


High  Voltage 
Power 

Supply 


t lie  signal  to  a magnitude  the  scope  can  measure.  The  general  experi- 
mental procedure  was  to  evacuate  the  vessel,  insert  liquid  metal  via 
the  septum,  force  the  liquid  metal  into  the  needle  tip,  and  apply  high 
voltage  of  the  desired  polarity.  It  was  found  tliat  the  ability  of  the 
liquid  metal  to  wet  the  needle  was  greatly  enhanced  l)y  s|iutting  it 
with  argon  for  several  minutes.  Without  sufficient  wetting,  the  electro- 
static forces  would  pull  the  liquid  metal  off  of  tl)e  tip  before  a vol- 
tage high  enough  to  create  emission  could  be  reached. 

1 . Exper  ime  ii  t a^^  j^s  u 1 t_s 

Emission  in  both  the  electron  and  ion  modes  was  initiated 
by  advancing  liquid  metal  to  the  nozzle  end  and  then  applying  the  liigh 
voltage.  Emission  usually  began  between  9.5  and  10.5  kV  and  was  always 
accompanied  by  a localized  blue  glow.  If  the  proper  amount  of  liquid 
metal  was  at  the  nozzle  end  the  liquid  metal  would  form  an  upriglit  cone 
approaching  Taylor's  theoretical  half  angle  of  49.3°.  Fig.  30  shows  a 
photograph  of  the  nozzle  and  liquid  Oa  cone  formed  during  electron 
emission.  When  the  cone  forms,  omission  is  very  stable  throughout  the 
voltage  range  (9  to  20  kV).  If  too  little  liquid  metal  was  at  tlie 
nozzle  end,  tlien  emission  occurred  from  small  cones  formed  on  the  edge 
of  tlie  nozzle.  The  cone  provided  a steady  current  if  the  voltagi- 
remained  constant,  but  moved  spatially  and  oftt'n  formed  multipli' 
emission  points  as  the  voltage  was  increased.  Exci-ss  liquid  iiu'tal  on 
the  tip  caused  an  unstable  upright  com  to  form  that  was  in  continuous 
motion  and  provided  very  iinstabli'  emission. 

Dnce  an  upright  st  ibli-  com-  was  fornual  emission  bei  aim 
rtu'  threshold  emission  vo I t age  remained  constant  , and  the 


b3 


very  stable. 


cone  could  be  made  to  collapse  and  reform  repeatedly  by  varying  the 


k 


voltage  across  the  initial  threshold  voltage.  It  was  possible  to 
leave  the  system  off  overnight  and  to  turn  the  system  on  in  the  morning 
and  to  measure  the  same  emission  characteristics  as  measured  prior  to 
turning  the  system  off.  For  a given  cone,  the  initial  emission  voltage 
was  very  sharply  defined. 

2 . Electron  Emission 

Thus  far  electron  emission  has  exhibited  only  one  mode  of 
operation  - the  pulse  mode.  This  mode  is  characterized  by  high  current, 
short  duration  pulses  which  occur  at  a constant  rate  producing  average 
currents  of  1 pa  to  2.5  mA.  The  pulse  form  remains  constant  in  shape, 
magnitude  and  duration,  while  the  pulse  rate  changes  with  voltage  and 
the  current  limiting  resistor.  Thus  changes  in  the  average  current  are 
due  to  the  pulse  rate  and  not  tlie  pulse.  A typical  pulse,  as  shown  in 
Fig.  31(a),  is  90-120  Amperes,  10  nanoseconds  duration,  and  gaussinn  in 
shape.  The  pulse  frequency  remains  very  stable  and  can  be  made  to  vary 
from  55  Hz  to  2 kHz.  The  pulse  frequency  is  stable  and  can  be  increased 
or  decreased  by  changing  either  of  the  two  variables  which  effect  it, 
the  voltage  or  the  current  limiting  resistor.  Fig.  31(b)  shows  tlie 
voltage  trace  at  tlie  extractor  electrode  of  the  tube.  The  sharp  drop 
in  extractor  vo  1 tage  was  due  to  the  Oa  discharge  slio'vn  in  Fig.  11(a) 
wh ich  was  fol lowed  by  a charging  rate  governed  by  the  tube  capac i tanci' 
and  loail  resistor.  As  shown  in  Figs.  12  and  11  the  pulse  rate  increases 
with  iner''asing  voltage  or  decreasing,  load  ri-sistance. 

Ihe  voltage  at  the  extr.ictor  electrodi-  shown  in  Fig.  11  (b) 
exhibits  a pattern  similar  to  an  K-('  circuit.  The  period  ot  I lie  pattern 
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Figure  32.  PIdL  of 
1 iqti  id 


LOAD  RESISTANCE  (IO'®ji) 


Kigur<>  33.  Plot  of  the  pulse  rate  of  electron  emission  from  liiiiiiii 
Ga  vs  load  resistance  for  an  anode  voltage  of  12  kV . 


equals  the  period  of  the  pulses.  This  indicates  that  the  tube  was  acting 
as  a capacitor,  storing  up  charge  and  then  discharging  during  the  pulse. 
Thus,  increasing  the  voltage  or  decreasing  the  current  limiting  resistance 
allovv'ed  the  .apparatus  to  cliarge  more  rapidly  and  thus  increase  the  pulse 
rate.  By  considering  the  system  as  an  R-C  circuit  with  ttie  glass  tube 
as  a capacitor  then  the  t ime , t,  to  charge  the  capacitor  is 

t = -RC  £n  (56) 

where  R is  the  load  resistor  and  C is  the  tube  capacitance.  Using  t as 
the  pulse  rate,  an  average  current  vs  voltage  curve  was  obtained  and,  as 
shown  in  Fig.  34,  partial  agreement  with  the  measured  average  current  was 
obtained.  The  upward  deviation  of  the  measured  average  current  was  be- 
lieved to  be  due  to  an  additional  emitting  site  formed  at  that  voltage. 

A tube  capacitance  of  8 pf  was  calculated. 

The  maximum  average  current  measured  was  3.5  niA  at  12  kV 
and  1.1  mil  current  limiting  resistance.  This  current  was  sufficient  to 
heat  the  extractor  electrode  to  red  glow.  Therefore  higher  pulse  fre- 
quencies were  not  attempted,  but  there  is  no  reason  to  believe  they  .ire 
not  possible.  Tliese  studies  were  carried  out  in  a vacuum  of  I to 
5 X 10”'  torr  although  in  one  case  air  w.is  leaked  into  the  tube  to 
1 X 10”‘*  torr  with  no  deleterious  effect  on  tiic  electron  emission. 

3.  Ion  Emission 

Ion  emission  exhibiteil  three  modes  of  oper.it  ion,  a d.c. 
mode,  pulse  mode,  ami  high  frequency  mode.  The  pulse  mode  h.is  tlie  same 
characteristics  as  the  electron  pulse  mode  with  the  following  d i f f erenci-s ; 
the  pulse  is  smaller,  about  2.2  iiiA,  .•iiul  the  pulse  r.ite  is  const. int  on  I v 
to  a f.ictor  ' .1  msec.  This  slight  i neons  i st  eiicv  of  the  r.ii  e means 
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nonconstant  triggering  of  the  scope  which  prohibits  tlie  viewing  of  a 
single  pulse.  Average  currents  of  1 pA  to  . 5 mA  were  obtained  during 
the  pulse  mode. 

The  d.c.  mode  was  obtained  within  a narrow  range  of 
current  limiting  resistances  and  was  very  sensitive  to  change  in  vol- 
tage. A voltage  change  usually  resulted  in  the  high  frequency  mode 
while  larger  voltage  changes  resulted  in  the  pulse  mode.  The  d.c. 
mode  could  not  be  maintained  for  periods  longer  than  a minute.  This 
mode  occurred  from  9.8  kV  to  11.5  kV  producing  a constant  current  of 
70  to  140  pA. 

The  high  frequency  mode  appeared  wlien  a small  voltage 
change  took  place  during  the  d.c.  mode  operation.  This  mode  exhibited 
a nonuniform  high  frequency  signal.  Cenerally  the  d.c.  mode  degenerated 
into  the  higli  frequency  mode  with  time  or  voltage  change. 

The  important  feature  of  tlie  ion  emission  appeared  to  be 
the  value  of  the  current  limiting  resistance.  Thi'  d.c.  and  high  fre- 
quency modes  were  seen  only  witli  a 10  m limiting  resistance.  The  key 
to  obtaining  d.c.  mode  with  either  electron  or  ion  emission  seems  to  be 
in  the  external  circtiit  and  nozzle  geometry.  More  recent  experiments 
with  the  emitter  configuration  shown  in  Kig.  28(c)  are  now  giving  more 


stable  d.i’.  ion  emission  over  a wide  range  of  load  resistanci'. 


C.  Discussion  of  Results  and  Conclusions 

In  both  the  electron  and  ion  modes  of  operation  a small  point 
source  of  blue  light  emanates  from  the  tip  of  tlio  Ga  cone.  This  is  an 
indication  that  electronic  excitation  of  the  Ga  occurs  during  the  emis- 
sion process. 

From  the  fact  that  only  a pulsed  mode  of  operation  lias  been 
observed  with  electron  emission  it  appears  that  the  electrostatic  forces 
cause  the  liquid  cone  apex  to  approach  an  infinitely  small  point.  Ihis, 
in  turn,  leads  to  an  increasing  field  and,  hence,  emitted  current. 
Accordingly  the  cone  is  heated  by  electron-phonor  energy  e.xchanges  which 
increase  the  tip  temperature  until  the  vapor  pressure  of  the  Ga  is 
sufficiently  high  to  form  a plasma  that  vaporizes  a small  portion  of 
the  emitter  and  causes  a large  electron  pulse  to  propagate  across  the 
diode.  Next  the  tip  of  the  liquid  cone  reforms  and  the  process  repeats. 

The  energy  exchange  processes  attending  field  emission,  which 
34 

have  been  studied  previously,  cause  the  temperature  ol  tlu’  tip  T^ 
relative  to  the  temperature  I'l  at  the  base  of  the  cone  to  vary  accoriling, 
to 


where  K is  the  thermal  conductivity,  e(l)  is  the  eliutriial  resist  ivitv, 
r is  the  radius  of  the  cone  at  tin-  point  of  truncat  ion  .iiul  p is  a 
dimensionless  parani'cter  given  bv 


P = 


kl' 


( iS) 


The  lirst  term  in  liq.(!7)  is  due  to  so-called  "Nottingham  luMting,"  and 
the  second  term  is  due  to  lU'sisi  ivo  he.it  ing.  It  ■ an  he  --i  . ii  I lial  lot  a 


i: 


given  value  of  T -T  the  emission  current  I increases  with  cone  half 
o 

angle  Arbitrarily  taking  a value  for  a vapor  pressure  of  10”“^ 

torr,  a value  of  I/ar  = 1.1  x 1 0'*  A/  cm-rad  is  obtained  for  (la.  Thus, 
it  I = 49°  and  r = 500  A a value  ol  I = 50  nuX  is  obtained.  Since  ld| . (37) 
is  derived  tor  a steady  st.ite  condition  it  is  not  likely  to  apply  to  our 
ease  where  the  pulse  widtli  is  10~^’  sei'.  This  means  even  higher  cur- 
rents may  be  obtainable  during  short  pulses,  wliich  is  in  f;ict  true. 

In  contrast,  the  ion  emis.sion  mode  exhibits  a stable  dc  mode 
of  operation.  Apparently,  under  certain  conditions,  the  cone  apex 
radius  is  prevented  from  becoming  infinitely  small  by  the  simultaneous 
removal  of  material  by  field  evaporation.  Tliis  leads  to  a steady  state 
condition  whereby  the  cone  maintains  itself  at  a constant  apex  raiiius 
by  supplying  material  to  the  emitter  apex  at  a rate  equal  to  removal  bv 
field  evaporation. 

Future  study  will  be  directed  at  determining  the  optimum 
source  configuration  for  long  life  operation  and  the  angular  and  energy 


distribution  of  the  emitted  ions  and  electrons. 
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